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ABSTRACT
The CS molecule is known to be adsorbed onto dust in the cold and dense conditions, causing it to get
significantly depleted in the central region of cores. This study is aimed to investigate the depletion of the CS
molecule using the optically thin C34S molecular line observations. We mapped five prestellar cores, L1544,
L1552, L1689B, L694-2 and L1197 using two molecular lines, C34S (J = 2− 1) and N2H+ (J = 1− 0) with the
NRO 45-m telescope, doubling the number of cores where the CS depletion was probed using C34S. In most
of our targets, the distribution of C34S emission shows features that suggest that the CS molecule is generally
depleted in the center of the prestellar cores. The radial profile of the CS abundance with respect to H2 directly
measured from the CS emission and the Herschel dust emission indicates that the CS molecule is depleted
by a factor of ∼ 3 toward the central regions of the cores with respect to their outer regions. The degree of the
depletion is found to be even more enhanced by an order of magnitude when the contaminating effect introduced
by the presence of CS molecules in the surrounding envelope that lie along the line-of-sight is removed. Except
for L1197 which is classified as relatively the least evolved core in our targets based on its observed physical
parameters, we found that the remaining four prestellar cores are suffering from significant CS depletion at their
central region regardless of the relative difference in their evolutionary status.
Keywords: stars: formation — ISM: abundances — ISM: clouds — ISM: individual objects (L1544, L1552,
L1689B, L694-2, L1197) — ISM: molecules
1. INTRODUCTION
The formation of low mass stars is understood based on a
sequence of conceptually different stages (Larson 1969; Shu
et al. 1987). The first stage in this sequence corresponds
to the fragmentation of molecular clouds into a number of
gravitationally bound cores or condensations that are initially
supported against gravity by a combination of thermal, mag-
netic and turbulent pressures (Mouschovias 1991; Shu et al.
1987). When these condensations become dense enough to
Corresponding author: Chang Won Lee
cwl@kasi.re.kr
be detected with high density tracers such as, N2H+ or CS
transitional lines, but have not yet formed any central hydro-
static object, they are called starless cores (Benson & Myers
1983; Lee & Myers 1999). Some of these starless cores that
are gravitationally bound, show extended infall asymmetry
and are on the verge of star formation, are called prestellar
cores (Ward-Thompson et al. 2007). These cores have a typi-
cal size of 0.1 pc and a few solar masses of gas and dust (Kirk
et al. 2007). Thus prestellar cores are ideal objects to study
the physics of core contraction and hence the initial phases
of star formation.
The CS and N2H+ rotational transition lines being rela-
tively optically thick and thin, respectively, have been widely
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used in the study of the core contraction. The blue asym-
metric line profile in the CS line and the Gaussian profile
of the optically thin N2H+ line are widely used to trace in-
fall motions in the prestellar cores. To conduct a detailed
study of the infall motions, a systematic survey was carried
out by Lee et al. (1999) on 220 starless cores using the CS and
N2H+ lines. They found that the inward contraction is statis-
tically significant in their sample of starless cores. On the
other hand, Leger (1983) and Bergin & Langer (1997) have
shown that in the cold cores having a number density greater
than a few 104 cm−3, molecule such as CS, which is relatively
more polar, efficiently gets adsorbed onto the dust grains and
depletes out, while non-polar molecule such as N2, because
of its high volatile property, remains in the gaseous phase up
to a density of a few 106 cm−3. Tafalla et al. (2002), based
on mapping observations of five starless cores in CS (2− 1)
line, showed that a strong CS depletion was found at the peak
positions of dust continuum in all their five targets. Thus the
depletion of CS molecules seems to be an important problem
which can not be easily ignored in the core contraction stud-
ies. For example, if most of the CS molecules are removed
from the core center, it may not be plausible to interpret the
infall asymmetry observed at the peak positions as due to the
inward motion of the material at the innermost parts of the
core.
Though the issue of the depletion of the CS molecules in
the central region of the prestellar cores is important, the ef-
forts to seek its observational evidence have been rather lim-
ited. Because the CS (2−1) line is optically thick in the high-
density central region of the prestellar cores (Lee et al. 1999),
using this line to study the distribution of CS in the cores can
be hampered due to its saturation. Instead, mapping obser-
vations using its rare isotopologue molecule, C34S, line may
allow us to make a direct estimation of the distribution of
CS molecules in the central region of the dense cores (e.g.,
Tafalla et al. 2002, 2004). So far only a few observational
attempts have been made to characterize the CS depletion in
the central region of the dense cores (NH2 & 1022 cm−2) using
C34S molecular line. The mapping study of only four star-
less cores have been carried out using C34S line as yet with
sufficiently high spatial resolution and wide spatial cover-
age (L1521E: Tafalla & Santiago 2004; L1498: Tafalla et al.
2004; L492: Hirota & Yamamoto 2006; MCLD123.5+24.9:
Heithausen et al. 2008). However, a detailed study on CS de-
pletion was conducted only for L1498 (Tafalla et al. 2004).
A pointing survey with C34S was carried out for 23 star-
less cores belonging to the Chamaeleon I region using C34S
molecular line (Tsitali et al. 2015). It was found that the C34S
abundance decreases with the increase in the H2 column den-
sity.
In this study, we augment the sample of cores observed us-
ing C34S molecular line by presenting the results of high res-
olution (< 20′′) mapping observations of five prestellar cores
to better characterize the CS depletion in them.
In Sections 2 and 3, we describe the line and target selec-
tions for our observations and various analysis on CS distri-
bution and their results. In Sections 4 and 5, we present the
discussions and conclusions for our results.
2. OBSERVATIONS
2.1. Line Selection
We used two molecular line tracers, C34S (2−1) and N2H+
(1− 0), to observe the five prestellar cores studied here. The
C34S (2−1) was chosen as the key molecular line in our study
to investigate the distribution of CS molecule in dense cores
instead of the main isotopologue, CS (2− 1) line because of
its possible saturation or high optical depth especially for
dense regions of the cores. Such saturation effect due to the
high optical depth in the CS (2− 1) line was frequently seen
in a form of double-peaked or skewed features in its profiles,
indicating that the CS (2 − 1) line is mostly optically thick
toward dense cores (Lee et al. 1999, 2001). On the other
hand, C34S (2−1) line is expected to be optically thin as the
C32S/C34S isotopic ratio in the interstellar medium (ISM) is
found to be almost equivalent to its solar value of 22.7 (Lu-
cas & Liszt 1998). In L1544, Tafalla et al. (1998) found that
the C34S (2 − 1) line was the only tracer that showed a sin-
gle Gaussian shape without any significant saturation in the
line profile, while all other tracers showed self-absorbed fea-
tures. Whether the CS and C34S (2 − 1) lines are optically
thick or thin can be quantitatively inferred from our present
NRO 45-m observation for L1552 with together our comple-
mentary CS (2 − 1) data. The intensities of both these lines
were found to be almost same at the central velocity towards
the central region of the core and the measured τCS was found
to be about 22, implying that the CS (2−1) line is highly op-
tically thick while the maximum optical depth of C34S (2−1)
line is at most as large as about 1. Therefore the C34S (2−1)
line is expected to be fairly optically thin towards most of
the central high-density regions of the prestellar cores and is
thought to be an adequate tracer for investigating the real dis-
tribution of the CS molecules inside the cores studied here.
The second tracer used in this study is the N2H+ (1 − 0)
molecular line. It is well known that compared to the CS
molecule, the distribution of the N2H+ (1 − 0) line is chem-
ically less affected even towards the very late stage of core
evolution (Bergin & Tafalla 2007; Crapsi et al. 2005). There-
fore, this line is considered to be very useful to examine the
evolutionary status of the prestellar cores having densities
> 105 cm−3 and to compare with the distribution of the CS
molecules inside the cores.
As for the line frequencies for two lines, we used
96.412953 GHz for C34S (2 − 1) (Gottlieb et al. 2003) and
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Table 1. Observing Targets
Core R.A.a Dec.a VN2H+
b Distancec
(J2000.0) (J2000.0) [km s−1] [pc]
L1544 05 04 16.0 +25 11 03 7.09 140
L1552 05 17 39.0 +26 05 00 7.65 140
L1689B 16 34 48.6 -24 38 03 3.53 165
L694-2 19 41 05.0 +10 56 49 9.54 250
L1197 22 37 02.6 +58 57 29 −3.19 400
aPeak position of Herschel 250 µm continuum data
bFrom the hyperfine fitting for N2H+ lines in this study
c Jijina et al. (1999)
93.176258 GHz for N2H+ (JF1F = 101 − 012) (Lee et al.
2001) in our observations.
2.2. Target Selection
The degree of CS depletion was known to increase in later
stages of the evolving core and become significant in the
collapsing phase (Bergin & Langer 1997). Thus the tar-
gets for our observations were selected based on the pres-
ence of any evidence indicating that the cores are already at
a highly evolved stage (Lee et al. 1999, 2001; Crapsi et al.
2005). The targets thus selected are namely, L1544, L1552,
L1689B, L694-2, and L1197. All these cores are found to
show infall asymmetric profiles in CS (2− 1) line. This im-
plies that they are possibly in a state of gravitational con-
traction and soon become dense enough to initiate formation
of (sub)-stellar object(s) (Lee et al. 2001). All our target
cores are considered as starless because of the absence of
any IRAS/Spitzer/Herschel point sources (e.g., Lee & My-
ers 1999). They all are found to be dense (between 104 and
105 cm−3), compact (optical size of 0.05−0.10 pc), and have
narrow line widths (∆VFWHM of N2H+ ∼ 0.21−0.32 km s−1)
(Lee et al. 2001). The targets and their basic information are
given in Table 1
2.3. NRO-BEARS: Line Observations
We observed our target cores in C34S (2 − 1) and N2H+
(1−0) using the 45 m telescope of the Nobeyama Radio Ob-
servatory (NRO) during February 2004. In our observations
the SIS 25-BEam Array Receiver System (BEARS) was used
to make maps of an area of 226′′ × 226′′ with 20.′′55 sep-
aration for each source through 4× 4 pointings. The sky
was subtracted by observations in frequency switching mode.
The backend that we used was an auto-correlator which was
set to 16 MHz bandwidth mode of frequency resolution of
15.63 kHz corresponding to∼ 0.05 km s−1 at the frequencies
Table 2. Summary of the Observational Parameters
Telescope NRO 45 m
Date 2004 Feb 11-14
Transitions C34S (2−1) N2H+ (1−0)
Rest frequency [GHz] 96.412953a 93.176258b
HPBW [′′] 17.3 17.9
Receiver BEARS; (5×5) beams
Mapping mode 4×4 pointing
Mapping area [′′] 226×226
Grid separation [′′] 20.55
Spectrometer Auto Correlator
Band width 16 MHz (1024 channels)
Velocity resolution [km s−1] 0.049 0.050
aGottlieb et al. (2003)
bLee et al. (2001)
of C34S (2 − 1) and N2H+ (1 − 0). The telescope beam size
(HPBW) at the observing frequencies is approximately 17.′′3
for C34S (2− 1) and 17.′′9 for N2H+ (1− 0). The main beam
efficiency at observed wavelengths is ∼ 0.51.
We note that 25 receivers in BEARS had different gains
and thus their gains were needed to be calibrated in each.
For this purpose we observed a bright position (05h32m49s.8
−05◦21′23.′′9) of Orion-KL4 as a calibration source using
two receiver systems, the BEARS and S100/S80 receiver.
We observed the position of the calibration source with each
beam of BEARS and then the same position with a single
beam S100/S80 receiver which would give a reference inten-
sity scale of the calibration source. The correction factors
were calculated for individual horns of the BEARS by com-
paring the relative intensity obtained through each horn with
that through the S100/S80 receiver. The correction factors
were 0.95−1.73 for the N2H+ (1−0) and 0.75−1.66 for C34S
(2− 1). Our CS (2-1) line data for L1552 that were used for
the complementary purpose of showing its high optical depth
in this paper had been obtained with NRO 45m in March
2000 by using S100/S80 receiver and FX correlator. The
observational data were initially reduced using the NEW-
STAR2, and then converted to CLASS format for further de-
tailed reduction using the CLASS package of GILDAS3 soft-
ware.
2.4. Herschel Continuum Data
1 https://www.nro.nao.ac.jp/~nro45mrt/html/prop/eff/eff-intp.html
2 https://www.nro.nao.ac.jp/~nro45mrt/html/obs/newstar/
3 http://www.iram.fr/IRAMFR/GILDAS
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We used the Herschel dust continuum data (André et al.
2010) as a proxy to the distribution of H2 molecules in order
to compare the distribution of the CS or N2H+ with respect
to the distribution of H2 molecules. Because the dust con-
tinuum emission is not affected by any chemical changes,
it can provide a true feature of the distribution of the H2
molecules. The 160, 250, 350, and 500 µm images of our tar-
get cores were obtained from the Herschel archive. The spa-
tial resolutions corresponding to the full width half maximum
(FWHM) of the Herschel’s beam are 10.′′7, 17.′′9, 24.′′2, and
35.′′4 for 160, 250, 350, and 500 µm images, respectively. In
particular, the 250 µm image is a good reference in compari-
son between the continuum and line emission because it has
almost the same spatial resolution as that of our NRO 45-m
observations.
3. RESULTS
All the five targets were detected in both C34S (2− 1) and
N2H+ (1− 0) lines. The sensitivity level achieved in our ob-
servations in both C34S (2−1) and N2H+ (1−0) lines is found
to be σrms ≈ 0.03−0.05 K in a T∗A scale. The C34S line shows
a single Gaussian shape in all the cores except for a few spec-
tra toward the central regions of L1544 and thus it is believed
to be optically thin in most cases. As a result, it is highly
unlikely that the distribution of CS molecules in all the tar-
gets is modified by any saturation effect in the line emission.
The results of the C34S (2−1) and N2H+ (1−0) line observa-
tions for all the targets are summarized in Table 3. The C34S
and N2H+ lines were detected at 46% and 43% of mapping
points, respectively. The signal-to-noise (S/N) ratios in po-
sitions having strong detection are found to be ∼ 6 for C34S
and ∼ 10 for N2H+. In the remainder of this work, we only
considered the spectra with an S/N ratio greater than 2.5.
3.1. Line Profiles and Their Intensity Distributions
The line profiles of C34S and N2H+ are shown in Figure
1 with two averaged spectra for each line towards two dif-
ferent regions in each core, the “inner” region as the region
encompassing 70% of the dust peak emission and the “outer”
region as the region outside the 70% contour. Note that the
area indicated by the 70% contour on the dust intensity maps
is almost identical to the central flat region in the starless
cores. Radial distributions of Herschel 250 µm dust contin-
uum towards each target are also shown in Figure 1. The
most prominent feature seen in Figure 1 is that the dust con-
tinuum emission is relatively much brighter towards the in-
ner region than the outside. Similar intensity variation is also
seen in the case of N2H+ which is known to not depleted even
towards the highly evolved core (Crapsi et al. 2005; Bergin
& Tafalla 2007). It seems very natural that intensity of the
optically thin and chemically unaffected N2H+ line is bright-
ened along with the density enhancement. However, the in-
tensity variation seen between the inner and the outer regions
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Figure 1. Radial variation of dust continuum and molecular line
emission in five prestellar cores. The radial distribution of dust
continuum drawn in green solid line is that of Herschel 250 µm
intensity. The radial distribution of the line emission intensity is ex-
pressed with two representative molecular line profiles in N2H+ (in
blue) and C34S (in red). The inner and outer line profiles are the av-
erage ones for the spectra within or outside an area of 70% contour
of the dust peak emission, respectively.
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Table 3. Line Statistics
C34S (J = 2−1) N2H+ (J = 1−0)
Core NO ND σrms T∗A VLSR ∆V ND σrms T
∗
A VLSR ∆V
[K] [K] [km s−1] [km s−1] [K] [K] [km s−1] [km s−1]
L1544 100 62 0.03 0.13 7.09±0.01 0.37±0.01 56 0.07 0.49±0.08 7.09±0.01 0.32±0.01
L1552 100 22 0.05 0.10 7.63±0.02 0.43±0.05 32 0.07 0.43±0.09 7.65±0.01 0.21±0.01
L1689B 100 72 0.04 0.24 3.53±0.01 0.34±0.01 47 0.05 0.36±0.12 3.53±0.01 0.31±0.01
L694-2 100 49 0.03 0.07 9.51±0.01 0.39±0.03 49 0.05 0.44±0.09 9.54±0.01 0.28±0.01
L1197 81 18 0.03 0.05 −3.22±0.03 0.35±0.07 23 0.04 0.25±0.12 −3.19±0.01 0.27±0.01
NOTE—NO and ND is the number of the mapping points and the detected points, respectively. σrms is the noise level of the observations.
T∗A , VLSR, and∆V is the antenna temperature, the velocity position, and the FWHM line width of the averaged line profile for all detected
points. VLSR and δV were measured by single or hyperfine Gaussian fittings for C34S and N2H+ observations, respectively.
in C34S is different in the sense that the line intensity is either
slightly brighter in the inner region or remains fairly similar
in both regions. As mentioned in Section 2.1, it is unlikely
due to the saturation of the C34S line that the intensity of the
C34S line does not increase as the intensities of continuum
and N2H+ line. The difference in the brightness distribution
seen for C34S and N2H+ lines as shown in Figure 1 suggests
that C34S may be chemically affected in the central region
of the dust continuum while N2H+ may not be. This is in
line with the expectations of previous studies on CS depletion
(Leger 1983; Bergin & Langer 1997; Tafalla et al. 2002).
The 1D radial variations in the molecular line intensities
with respect to the dust continuum seen above can be further
examined in 2D intensity maps. For this purpose, contours
of the integrated intensities in C34S (2− 1) and N2H+ (1− 0)
lines are over-plotted on the Herschel 250 µm dust contin-
uum maps in color tones as shown in Figure 2. It is quite
apparent from the Figure 2 that both N2H+ and the dust con-
tinuum intensities are getting stronger towards the central re-
gion in all the five cores studied here. In addition to that, the
N2H+ emission is singly peaked and coinciding with the dust
continuum peak.
However, it is also clear that the distribution of C34S is very
much different from that of the N2H+ and the dust emission.
The intensity peaks of C34S maps do not coincide with the
peak positions of N2H+ or dust emission maps. Furthermore,
some of the C34S maps show multiple intensity peaks possi-
bly due to the central depletion of CS molecule. These re-
sults further indicate that in all the five cores studies here, the
CS molecules may be significantly depleted out in the central
high density region while N2H+ molecule may not be.
3.2. Abundance Variation Along the Radii of the Cores
The spatial variation of the molecular depletion can be ex-
amined more precisely if the ratio of its content with respect
to the H2 molecules (so called the molecular abundance) is
estimated. Thus we made an attempt to obtain the abun-
dances of CS and N2H+ at each of the positions of our obser-
vations by dividing the column densities of each molecules
by the column density of H2 in the following manner;
X(CS) =
N(CS)
N(H2)
=
22.7×N(C34S)
N(H2)
, (1)
and
X(N2H+) =
N(N2H+)
N(H2)
, (2)
where X is the abundance, N is the column density, and 22.7
is the solar isotopic abundance ratio between C32S (main iso-
topologue of CS molecule) and C34S, C32S/C34S, which was
found to be consistent with the ratio in the ISM (Lucas &
Liszt 1998).
The N(H2) and dust temperature (Td) were measured from
the spectral energy distribution (SED) fit of the Herschel dust
emission at 160, 250, 350, and 500 µm with the modified
black-body function and the N(N2H+), and N(CS) were cal-
culated from the integrated intensity of our N2H+and C34S
molecular line observations. The entire procedure to derive
the column densities is described in detail in Appendix A.
From the derived molecular and H2 column densities at
every pixel of our targets cores, we derived its corresponding
abundance. We show the abundance values for all the sources
in Figure 3 as a function of the radial distances. This figure
clearly indicates how the abundances of the two molecules
change radially. First of all, it is apparent that the CS abun-
dance decreases overall toward the central region of the dense
cores. The average value of the CS abundance (yellow lines
in Figure 3) of ∼ 2.8× 10−9 obtained from the low-density
outer regions (> 104 au) gets reduced to ∼ 9.6×10−10 in the
high-density core center (<∼ 3×103 au). Because the spatial
resolution for the targets is greater than 1,000 au in the linear
scale, the number of data points near the center is relatively
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Figure 2. Comparison of the line intensity distribution of C34S (left panel) and N2H+ (right panel) with 250 µm dust continuum distribution
for our targets. The continuum maps are given in color tone with two black dashed contours for 40% and 70% value of its peak intensity. Note
that the 70% contour was used as a boundary for inner and outer region in Figure 1. The line intensity maps are drawn in several contours, the
thinnest first contour indicating 3σ level of the integrated intensity, the thickest last contour for 90% value of its peak integrated intensity, and
the middle two contours evenly spaced between the first and last contour levels. Black dots in the maps are for the mapping points. Cross marks
are the positions of the continuum intensity peaks whose coordinates are given in Table 1. In each map, the size of the FWHM for NRO 45-m
telescope and the scale bar of 10,000 au are displayed in left and right corners, respectively.
low. Nonetheless, the decline of the CS abundance at the cen-
tral regions of the cores is much more apparent in the radial
abundance profile, about three times less than the abundance
at the outer regions of the cores. Note that, in the case of
L1197, it is difficult to ascertain a significant reduction in the
abundance towards its central region. This is because L1197
is the most distant among our targets and thus there is no data
point within 3,000 au towards the central region of the core
to be used for any discussion on the CS depletion.
On the contrary, it is also clear that N2H+ abundance is ∼
2.3×10−10, almost constant over the whole radial distances.
This suggests that N2H+ molecule barely suffers from being
frozen out at the central regions of the dense cores. The result
is consistent with the previous studies which asserted that
the N-bearing molecules survive at higher density regions in
starless cores than the C-bearing species (Bergin & Langer
1997; Caselli et al. 2002a).
4. DISCUSSION
4.1. Effects by Outer Envelope Lying in the Line-of-Sight in
the Calculation of Molecular Abundance Profile
The degree of the CS depletion in the central region of a
prestellar core can be examined by comparing the ratio of
CS abundance at the central region to that at the outer region
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Figure 2. Continued
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Figure 3. Abundance variation of CS and N2H+ molecules in prestellar cores as a function of their radial distance. Projected radial distance,
R, is measured from the peak position of H2 column density. The thick yellow lines indicate the average values for three intervals between the
radial distances of 103, 103.5, 104 and 104.5 au.
Table 4. The best fit results for H2 volume density and molecular abundance models.
H2 volume densitya N2H+ abundanceb CS abundancec
Core n0 rflat α Xconst. X0 β Xout nd
[105 cm−3] [103 AU] [10−10] [10−10] [10−9] [104 cm−3]
L1544 2.2 +0.3−0.3 4.3
+0.9
−0.8 2.2
+0.3
−0.2 2.68
+0.03
−0.03 2.51
+0.09
−0.09 −0.03 +0.01−0.01 1.81 +0.04−0.04 8.5 +0.6−0.5
L1552 2.1 +0.4−0.3 3.3
+0.7
−0.6 2.3
+0.2
−0.2 2.77
+0.04
−0.04 2.5
+0.1
−0.1 −0.04 +0.02−0.02 2.3 +0.2−0.2 7. +2.−2.
L1689B 1.3 +0.2−0.1 5.8
+0.9
−0.9 2.4
+0.3
−0.2 2.19
+0.03
−0.03 2.3
+0.1
−0.1 0.03
+0.02
−0.02 6.9
+0.2
−0.1 3.9
+0.2
−0.2
L694-2 0.9 +0.1−0.1 11.
+2.
−2. 2.8
+0.7
−0.5 1.88
+0.02
−0.02 2.55
+0.07
−0.06 0.24
+0.02
−0.02 1.24
+0.06
−0.06 3.6
+0.4
−0.3
L1197 0.12 +0.01−0.01 13.
+2.
−2. 2.2
+0.3
−0.2 5.2
+0.1
−0.1 11.4
+0.8
−0.7 0.58
+0.06
−0.06 2.12
+0.09
−0.09 −
NOTE—The error of all the values represents ±1σ range of the final posterior probability distribution from the MCMC
analysis.
an(r) = n0[1 + r/rflat]−α, n0 is the H2 volume density at the core center, rflat is the radius of the flat region, and α is the
asymptotic power index.
bXconst. is the N2H+ abundance in the constant abundance model, X(r) = Xconst.. X0 is the N2H+ abundance at the core center
and β is the power-law index in the centrally enhanced abundance model, X(r) = X0[n(r)/n0]β .
c Xout is the CS abundance without depletion at large radii and nd is critical density of depletion in the CS depletion model,
X(r) = Xout exp[−n(r)/nd].
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Figure 4. CS depletion expressed with two physical parameters, the volume density (left panels) and the column density (right panels). The r
and R in the x axis designate the 3D radial distance from the center of a model prestellar core and the projected distance from the same center,
respectively. The nH2 (r), nCS(r), and XCS(r) in y axes of the left panels are the H2 volume density, CS volume density and the corresponding
abundance at r, respectively, while NH2 (R), NCS(R), and XCS(r) in y axes of right panels are the H2 column density, CS column density and the
corresponding abundance at R, respectively. The volume density and abundance profiles shown at the left panels are given with a 3D density
structure model for H2 and CS using the parameters obtained from the analysis of L1544 by Tafalla et al. (2002). Similarly, column density
profiles as a function of R at the right panels are obtained by integrating n(r) along the line-of-sight. The blue shaded area shows the difference
between the actual CS abundance profile by the ratio of CS and H2 volume densities and the other abundance profile estimated from the ratio
of CS and H2 column densities.
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Figure 5. The radial column density profiles of H2, N2H+, and CS for our targets. The plots on the left panel are H2 column density data from
Herschel dust continuum emission (data points and their error bars in green) and H2 column density profile derived by the centrally enhanced
density model (red line). The best fit parameters for each target are given in each box panel. The plots in the middle panel are N(N2H+) data
and the derived N(N2H+) profiles based on two models. The one model adopts the constant abundance (blue dashed line) while the other model
deals with a power-law abundance given with X(r) = X0[n(r)/n0]β (red solid line). The best fit parameters are also given for each target. The
plots on the right panel show the data points of N(CS) and the derived N(CS) profiles based on two models. One model uses the constant
abundance model (black dashed line) while the other model chooses the exponential abundance variation given with X(r) = Xout exp[−n(r)/nd]
(red solid line). The best fit parameters are given for each target in the panel.
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Table 5. The degree of CS depletion before and after extracting the effect of the surrounding
envelope.
Based on column densitya Based on volume densityb
Core Xin Xout fD Xin Xout fD
L1544 7.1×10−10 1.7×10−9 0.41 1.8×10−10 1.6×10−9 0.11
L1552 8.9×10−10 2.2×10−9 0.40 2.3×10−10 2.2×10−9 0.11
L1689B 2.1×10−9 6.2×10−9 0.33 3.2×10−10 5.7×10−9 0.06
L694-2 3.7×10−10 1.0×10−9 0.39 1.1×10−10 8.1×10−9 0.13
On average 1.0×10−9 2.8×10−9 0.36 2.1×10−10 2.6×10−9 0.08
NOTE—Xin is an averaged CS abundance values of the inner region (r < 103.5 AU) and Xout is
an averaged CS abundance values of the outer region (r > 104 AU). fD is the abundance ratio
of Xin/Xout indicating the degree of CS depletion.
aCS abundance ratio was directly measured by the ratio of the CS and H2 column density.
bTo extract the effect of the presence of the CS molecules in the surrounding envelope along
the line-of-sight, CS abundance ratio was derived from the CS and H2 volume density which
were inferred by using the core density structure and the CS abundance depletion models.
103 104
Radial distance [AU]
10 10
10 9
10 8
X C
S(
r),
X C
S(
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L1544
L1552
L1689B
L694-2
Figure 6. The radial abundance profiles by the best-fitted CS de-
pletion models and the data for each target. The thick lines are the
abundance profiles that are derived by column densities of CS and
H2 while the dashed lines are the other abundance profiles where the
contamination effects by line-of-sight envelope components were
minimized. The abundance profile for L1197, where the CS col-
umn density profile is well fitted by a constant abundance model
without any depletion, is not drown in the plot.
of the core using the expression
fD =
XCS(r < 103.5 au)
XCS(r > 104 au)
, (3)
where fD represents the degree of depletion. While the typi-
cal radius of the flat region of the starless core center is con-
sidered as the boundary of the central region, the typical size
of the starless cores itself (Bergin & Tafalla 2007) is taken
as the boundary of the outer region. The boundary of the
central and the outer regions in the case of L1544 are found
to be ∼ 20′′ and ∼ 70′′ (expressed in linear scales), respec-
tively. This is because CS will be depleted significantly at
the central region while no such depletion may happen at the
outer region. The ratio obtained in a similar way from the
depletion model for five starless cores which include L1544
is found to be very small (X(r = 20′′)/X(r = 100′′)∼ 0.01) in
a previous study conducted by Tafalla et al. (2002), implying
that the CS depletion is highly severe in the central region of
a prestellar core. However, in contrast, from our analysis on
the five prestellar cores (Table 5), on averaging, obtained a
much larger value ( fD ∼ 0.4).
One of the most plausible reasons for this difference could
be that in the previous study volume densities were used to
derive their abundance ratio while in our estimation we con-
sidered the column densities for CS and H2. In the former
study H2 and CS number densities were inferred by using
the core density structure and the CS abundance depletion
models (Tafalla et al. 2002). Though this method was more
straightforward in deriving the depletion factor, the results
could be model-dependent. On the other hand, the ratio ob-
tained using the column densities in our study might have got
affected by the inclusion of outer envelope components along
the line-of-sight where only small or no CS depletion effect
may exist.
To verify this effect, the abundance ratio obtained using the
volume densities of the central and outer envelope regions is
compared with the ratios obtained from the column densities
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of the central and outer regions in Figure 4. In the panel (f) of
the Figure 4, it is quite apparent that the abundance ratio ob-
tained from the column densities can be significantly affected
by the envelope component and hence becomes much greater
than the abundance ratio obtained from the volume densities.
Below we explain how we assumed the volume density pro-
files for CS and H2 to calculate their column densities and
abundances.
We began with the same models which were used by
Tafalla et al. (2002) to evaluate the core density and CS de-
pletion as a function of the radial distance (r). The model for
H2 volume density at r is given by
n(r) =
n0
1+ (r/rflat)α
, (4)
where n0 is the volume density at the core center, rflat is the
radius of the flat region, and α is the asymptotic power in-
dex. The depletion model for the CS molecule was chosen
according to the equation;
X(r) = Xout exp
[
−n(r)/nd
]
, (5)
where X(r) is the molecular abundance at r distance from the
core center, nd is the density giving an e-folding abundance
drop, and Xout is the molecular abundance of very low density
region at large radius. In this model the CS abundance is
consistent with no depletion at the large radii but decreases
exponentially toward the central region.
The H2 and CS column densities are a total sum of the
volume densities in unit column along the line-of-sight and
thus can be expressed as:
NH2 (R) =
∫
n
(√
R2 + z2
)
dz , (6)
NCS(R) =
∫
X
(√
R2 + z2
)
·n
(√
R2 + z2
)
dz , (7)
where R is the projected radial distance and z is the depth
of the line-of-sight from core center. These modelled col-
umn densities and the column densities estimated from the
observational data for H2 and CS were fitted with emcee4
code which is the Markov Chain Monte Carlo (MCMC) sam-
pler (Foreman-Mackey et al. 2013). This code allows the
sampling to converge very efficiently to the target probabil-
ity distribution when performing Bayesian analysis on high-
dimensional optimization problems. By using this code, we
were able to estimate the exact posterior probability distribu-
tions of the five parameters (n0, rflat, α, Xout and nd) rather
than the simple least squares fitting results.
The results obtained from the fits are listed in Table 4 and
shown in Figure 5. We found that both L1544 and L1552
4 http://dfm.io/emcee/current/
have H2 volume density of ∼ 2× 105 cm−3, both L1689B
and L694-2 have ∼ 1× 105 cm−3, and L1197 has about
1.2× 104 cm−3 at the core center. All the cores with a col-
umn density > 1022 cm−2 showed a volume density of > 105
cm−3 at the core center. The size of the flat region, rflat, is
found to be ∼ 4.9×104 au which corresponds to an FWHM
of ∼ 0.05 pc. The asymptotic power index is found to be
∼ 2.3 on average.
We found that the CS abundance at the large radii showing
no depletion is on average at∼ 2.9×10−9, and the abundance
e-folding density is∼ 5×104 cm−3. The degree of CS deple-
tion (as defined in Section 4.1) based on the volume density
ratio of CS and H2 is on average found to be ∼ 0.08 for all
the targets, 0.14 for a core with a central density of 105 cm−3,
and 0.02 for a core with a central density of 2×105 cm−3.
Figure 6 shows the radial variation of the CS abundances
for each of the targets overlaid by the best fitted CS deple-
tion models. The radial abundances given by the column
densities containing the outer envelope indicate that the cen-
tral depletion of each core appears rather mild, and probably
affected by its envelope where little depletion is occurring.
However, the radial abundances given by the CS volume den-
sities clearly show that there must be a significant depletion
of the CS molecule in the central region of each core. This
depletion of the CS seems to be significantly occurring in all
our targets except for the L1197.
In the case of L1197, the center density was found to be
the lowest among our targets, as a result, any hint of CS de-
pletion is barely seen. In fact the CS column density profile
of L1197 is found to be well fitted by a constant abundance
model without any depletion as seen in Fig. 5. Therefore
it is likely that the central region of L1197 may not suffer
from CS depletion as seriously as in the case of other targets.
However, we note that the position where the C34S emission
peaks does not coincide well with that of the dust continuum
or N2H+ emission. Additionally, relatively large distance of
this object (farthest among our targets) makes it harder for
us to see the details of the central region. Thus, in order to
confirm whether L1197 is suffering from central depletion in
CS or not at an equivalent level of spatial resolution to those
of other targets, further observations in higher angular reso-
lution are required.
For the reference molecule, N2H+, we estimated the vol-
ume density profiles in the same manner as we carried out
for the CS molecule. We applied two different forms of abun-
dance profile model for the N2H+ molecule. The first one is
a constant abundance model in which we presume that the
N2H+ has not been significantly depleted over the entire den-
sity range of the starless cores as expressed by X(r) = Xconst..
The second one is a centrally enhanced model with respect
to the outer low-density region of a dense core which is ex-
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pressed by the equation
X(r) = X0
[
n(r)/n0
]β
, (8)
where β is a power-law index for n(r)/n0. The subsequent
analysis followed for the N2H+ is same as that used for the
CS. The fitting results for the two abundance models are
also listed in Table 4 and shown in Figure 5. For the cores
with the central volume density > 105 cm−3 (L1544, L1552
and L1689B), the results obtained from both the models are
found to be similarly well fitted with the data points and the
values of the β obtained for the second (centrally enhanced)
model are found to be close to zero. On the other hand, in the
case of L694-2 and L1197, which have relatively low cen-
tral densities, the constant abundance model does not pre-
cisely reproduce the sharp decrease in the column density of
N2H+ towards the outer regions (large radial distances) of the
cores, as suggested by the results from the observations. For
two cores, the model with a slightly enhanced abundance of
N2H+ at the center with respect to that at the outer regions
of the cores appears to describe the observations better. One
possible explanation for the existence of these two groups
can be made by a role of CO molecule as a destroyer of N2H+
(Bergin & Langer 1997; Aikawa et al. 2001). In other words
three cores are better fitted with a constant abundance model
possibly because these three cores have enough CO deple-
tion over the cores so that the N2H+ may have been barely
destroyed to survive during their evolution periods. On the
other hand two other cores are not so evolved that the se-
vere CO depletion may not have significantly occurred espe-
cially in the outer parts of the cores while CO depletion in the
central parts of the cores was on going. In this environment
N2H+ molecule in the outer parts of the cores can be more
destroyed with respect to the N2H+ at the central regions of
the cores. We postulate that these two cores may be in this
chemical status. Another possible explanation is related to
the LTE assumption used to estimate molecular column den-
sity, which is discussed in the following section.
4.2. Effect by LTE Assumption in Calculation of Molecular
Abundances
In this study, it was assumed that our target cores are in
the local thermodynamic equilibrium (LTE) and the excita-
tion temperature of both CS and N2H+ molecules in the cal-
culations of molecular column densities are the same as the
dust temperature from the Herschel data (Equation A5). The
dust temperatures of our targets were found to be decreasing
toward the inner region of the cores, approximately ∼ 12 K
in the less dense outer region and ∼ 9 K towards the denser
center. However, the C34S (2 − 1) and N2H+ (1 − 0) critical
densities at ∼ 10 K are about 4.6× 105 and 2.4× 105 cm−3,
respectively (Lique et al. 2006; Tsitali et al. 2015). Only the
density in central region of our target cores was close to the
critical density of these molecular lines, and most of the outer
regions are significantly less dense than the critical density
and thus probably far from the LTE condition for both lines.
In the non-LTE condition, the excitation temperature of
both molecules is expected to be considerably lower in most
of the outer regions than the dust temperature we used in
the calculation of molecular column density. Therefore the
LTE assumption could instead lead to an underestimation of
molecular column density in the outer regions in comparison
with the central regions of the cores.
If we were able to use the realistic structure of the excita-
tion temperature in the core, CS abundance in the outer re-
gion would have gotten relatively larger and the degree of
CS depletion would have been more enhanced. Therefore it
is clear that the degree of CS depletion in core center can be
stronger than the levels we are showing in this study if the
excitation temperature of CS line over the core is precisely
informed and its value is adopted in the calculation of the
column density.
For the same reason, the LTE calculation of the N2H+ col-
umn density by adoption of dust temperature instead of the
excitation temperature might result in its underestimation in
most of the outer regions.
Indeed, as we mentioned in previous Section 4.1, the N2H+
emission in L694-2 and L1197 was well fitted assuming a
centrally enhanced abundance. This is probably because
two dense cores, L694-2 and L1197 have such outer regions
where LTE condition is not very well satisfied for N2H+ line.
On the other hand, it is noted that the N2H+ emission in
L1544, L1552, and L1689B was well explained without a
central enhancement of the N2H+ abundance. This may be
because these cores are more dense in overall than the two
cores and thus N2H+ (1 − 0) line is closely thermalized to
apply the LTE approximation for its calculation of column
density.
4.3. Relative Evolutionary Ranks of Cores by Their
Physical Properties
In previous discussions we particularly focused on the re-
gional difference of the CS depletion within the cores, find-
ing more depletion at the central high density region than at
the outer low density region. In this section we discuss on
how the degree of CS depletion would vary from one core to
another especially depending on its evolutionary status. One
of the most important factors in our target selection regard-
ing the core evolution was the presence of an extended in-
fall asymmetry in the line profile. This selection criterion
would ensure that the cores that we selected are all substan-
tially evolved. What else would be an indicator for the core
evolution? Crapsi et al. (2005) have suggested several phys-
ical quantities of the cores as their evolution indicators such
N(N2D+), N(N2H+), [N2D+]/[N2H+], CO depletion factor,
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Table 6. Relative Ranking for Examining Evolutionary Status of Cores
Properties L1544 L1552 L1689B L694-2 L1197
N(H2) [×1022 cm−2] 1 (4.2) 4 (3.0) 3 (3.1) 2 (3.9) 5 (0.7)
N(N2H+) [×1012 cm−2] 1 (12) 4 (7.8) 3 (8.0) 2 (8.2) 5 (5.3)
n(H2) [×104 cm−3] 1 (22) 2 (21) 3 (13) 4 (8.8) 5 (1.2)
r70 [×103 AU] 2 (4.0) 1 (3.0) 3 (5.0) 4 (8.6) 5 (12.6)
∆VN2H+ [km s
−1] 2 (0.33) 4 (0.25) 1 (0.42) 3 (0.29) 5 (0.24)
Sum of Ranks 7 15 13 15 25
NOTE—These physical properties are intended to indicate evolutionary status of starless
cores(Crapsi et al. 2005). r70 is the radius of 70% contour of the dust peak and∆VN2H+ is
the FWHM line width of N2H+ emission in peak position. The numbers in Column 2 to 6
imply the rank of evolved status of each core using values of the physical quantities in the
first column. The lower the sum, the more evolved the core.
n(H2), ∆VN2H+ , skewness of infall asymmetry, and the ra-
dius of 70% contour of the dust peak (r70). They set the
threshold value for eight physical quantities as an indicator
of the evolved status for their target cores. For each physical
quantity, one point was awarded if the value was greater than
the threshold, and zero otherwise. They interpreted that the
larger the total score (sum of all the individual points), the
more evolved the core.
In this study we attempted to classify the evolved status
in five prestellar cores studied here using five parameters
that can be measured from our data. The parameters we
used are the H2 and N2H+ column densities at peak position
(N(H2) and N(N2H+)), the H2 volume density at the core cen-
ter (n(H2)), the radius of 70% contour of the dust peak (r70),
and the FWHM line width of N2H+ emission at peak position
(∆VN2H+ ). The line width of N2H
+ was measured by hyper-
fine fit for the seven components using the CLASS program
with the assumption that all the components have the same
excitation temperature and line width. Radius corresponding
to 70% contour of the dust peak indicates equivalent radius
of the flattened region and was defined as (a70/pi)1/2 with a70
as the area within the 70% contour in the H2 column density
maps.
The prestellar cores selected for the present study are all
supposed to be highly evolved. We use similar criteria to
Crapsi et al. (2005) to infer the relative evolutionary status
of the different cores in our sample. Therefore the param-
eters of our target prestellar cores are relatively compared
and ranked. According to our scheme, the smaller the net
sum of the ranks, the more evolved the core, and vice versa.
The results are tabulated in Table 6 and are shown in Fig-
ure 7. Among our targets, L1544 is the most evolved and
L1197 is the least evolved. L1689B, L1552, and L694-2 have
quite similar total rank values. In the case of L1689B, all
of the properties are lower-ranked than the arithmetic means
while the N2H+ line width at the position of peak emission is
the most highly ranked among our targets. Between L1552
and L694-2, it is hard to determine the one which is more
evolved. L1552 has a very high H2 volume density in the core
center, and the r70% value is also very small. This indicates
that the mass distribution of L1552 is concentrated towards
the center. However, the N2H+ column density and line width
of L1552 are relatively low. On the other hand, L694-2 show
a low H2 volume density at the core center and a high value
of r70%, but the H2 and N2H+ column densities are the second
highest value among all our targets. Cores with higher vol-
ume densities may be considered as more evolved than those
with higher column densities. But it is difficult to judge their
relative importance because the volume density can be some-
how model-dependent, while the column density is measured
directly from the observations.
Therefore our targets are classified into three groups as
shown in Figure 8 where the degree of CS depletion with
respect to the evolutionary status (sum of the ranks) of cores
is shown.
L1197 which belong to the least evolved group shows no
clear hint of CS depletion while the other four targets belong-
ing to the most or intermediately evolved groups indicate sig-
nificant CS depletion. Additionally, we found no significant
difference in the degree of CS depletion among the four cores
in these two groups. Probably it may be possible that all the
cores except L1197 have already reached to the most evolved
status and hence are indistinguishable based on the degree of
CS depletion in them.
In fact, based on the theoretical study conducted by Bergin
& Langer (1997), it was reported that the abundance of
sulfur-bearing molecules like CS is highly sensitive to the
increase in the density. The CS depletion is expected to be
low during the early stages of the core evolution (nH2 ∼ 104
cm−3) but gets severe as the core evolves. The CS molecules
are shown to get significantly depleted at the collapsing phase
before the initiation of the star formation (nH2 & 105 cm−3).
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Figure 7. Relations among the physical quantities of our targets.
(a) The H2 column density and the N2H+ column density at the peak
position. (b) The H2 volume density in core center and the radius
of 70% contour of the dust peak. (c) The N2H+ column density and
the FWHM line width of N2H+ emission at the peak position. The
dashed lines in (a), (b), and (c) are indicating the arithmetic mean
values for our targets.
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Figure 8. Comparison of the degree of CS depletion as a function of
the ranking of relative evolution of cores (given in Table 6). The de-
gree of CS depletion, X(r < 103.5 au)/X(r > 104 au), is determined
from the abundance ratio of inner to outer region obtained by the
inferred volume densities. The dashed line separates the three parts
into a relatively more evolved, a less evolved, and an intermediate
groups.
All the cores, except for L1197, have the central density
nH2 & 105 cm−3, suggesting that the CS molecules in the core
center have already been sufficiently depleted. This is con-
sistent with our results, as shown in Figure 8.
5. CONCLUSION
We performed mapping observations of five prestellar
cores, L1544, L1552, L1689B, L694-2, and L1197 in C34S
(2−1) and N2H+ (1−0) lines. The main aim of the study was
to investigate the distribution of the CS emission throughout
prestellar cores, in particular to study the CS depletion in
prestellar cores, with respect to the inner and outer regions
of each individual core and also with respect to the different
evolutionary status of the cores. For this purpose we con-
structed the radial abundance profile of the CS and N2H+
for each of the cores. The abundance profiles of the two
molecules were derived using two different methods. In the
first method we compared the observed molecular column
densities of the CS and N2H+ with the H2 column density
(from the Herschel data). In the second one, we compared
the volume densities of the CS, N2H+, and H2 inferred from
the fit performed on the observed column densities using the
centrally enhanced density model. The results obtained from
our observations and the analysis are summarized below:
1. In all our targets, the C34S emission intensity of inner re-
gions is either comparable or weaker than that found towards
the outer regions of the cores. The C34S integrated inten-
sity maps of all the five cores show that either the maps are
not centrally peaked or that the position where the intensity
peaked is significantly shifted when compared with the dis-
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tribution of N2H+ line or dust continuum maps both of which
showed similar single peaked distribution in the central re-
gion of the cores. The distribution of the C34S line emission
suggests that the CS molecules got depleted significantly in
the central high-density region of prestellar cores.
2. Such significant reduction of the CS molecules to-
wards the core center is also seen in the radial profile of
the CS abundance. The average value of the depletion fac-
tor between the central region (& 3,000 au) and outer region
(. 10,0000 au) of all the five cores is about 0.34. In other
words the CS abundance is ∼ 2.8×10−9 at the outer region,
but gets reduced by a factor of ∼ 3 to ∼ 9.6×10−10 towards
the core center due to its depletion. In contrast, N2H+ abun-
dance remains almost constant or slightly enhanced towards
the central high-density region.
3. The CS abundances measured from the observed col-
umn densities of H2 and CS are found to be affected by the
presence of the molecules in the surrounding envelope over-
lapped to the line-of-sight. The depletion factor after extract-
ing this effect using the centrally enhanced density model is
found to be more significant as 0.06 to 0.11.
4. In calculation of molecular column density we assumed
LTE condition with dust temperature over the core which de-
creases toward the central region of the core. However, it is
noted that most of the outer regions are less dense than the
critical density for C34S (2−1) and thus our LTE assumption
can result in its underestimation in the outer region of the
core, in comparison with more realistic situation where exci-
tation temperatures can be adopted in the calculation of the
column density. Therefore it is possible that the real degree
of CS depletion in the central region of the core center can be
stronger than we measured.
5. From our analysis of molecular lines and continuum
data all cores except for L1197 are found to significantly suf-
fer from CS depletion at the central region of the cores. In
the case of L1197, the C34S emission distribution is likely
indicative of CS depletion. However, its observed column
density profile can be also explained with a constant radial
abundance distribution without CS depletion at the central
position. This is partly because of its flatter central H2 col-
umn density distribution than other cores so that the density
of L1197 is not as high as other cores to significantly cause
the CS depletion or because of its larger distance from us
than other cores so that there are little data to look for any
strong evidence for CS depletion at the central region in our
observing resolution.
6. We were able to group the cores according to the relative
evolutionary status of the cores using five observed physical
parameters such as the H2 and N2H+ column densities at their
intensity peak position, the H2 volume density at the core
center, the radius of 70% contour of the dust peak emission,
and the FWHM line width of N2H+ emission at dust peak po-
sition. L1544 and L1197 are classified to be the most evolved
and the least evolved cores in our sample, respectively. The
other cores, namely, L1552, L1689B and L694-2 are found
to be at intermediate stages of their evolution. Although our
statistics for CS depletion in the cores as a function of their
evolution is highly limited, its is clear that four cores in more
evolved status show a very significant depletion factor (0.06
- 0.13) while one core (L1197) in least evolved stage shows
the least or no CS depletion.
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APPENDIX
A. ESTIMATION OF H2 COLUMN DENSITY AND DUST TEMPERATURE
A.1. H2
The N(H2), column density of H2 gas is determined based
on the spectral energy distribution (SED) fit of the Herschel
dust continuum data using the curve_fit function of the
python package scipy5. The Herschel data set consists of
160, 250, 350, and 500 µm images. The large Herschel maps
were trimmed to obtain images of appropriate sizes to in-
clude the region containing cores and exclude the surround-
5 http://www.scipy.org/
ing extended cloud structures. The trimmed images were
convolved with an FWHM of 17.′′6, and re-gridded to have
the same pixel size (∼ 6′′) as that of the 250 µm image (Fig.
9). The Herschel images show integrated emission from all
the cloud components lying along the line-of-sight. To de-
termine the density structure of the embedded cores, it is
important to subtract the background emission which corre-
sponds to the emission from the surrounding envelopes and
large-scale cloud structure in all the images. The radial inten-
sity profiles for our prestellar cores were approximated with
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Figure 9. Herschel images of five prestellar cores at 160 (a), 250 (b), 350 (c), and 500 µm (d), and their dust temperature (e) and H2 column
density (f) maps. The dust temperature and H2 column density maps were obtained from the SED fit of dust emission at 160 to 500 µm. Black
contours show 20, 40, 60, and 80% levels of the maximum value in each Herschel maps and show same levels with tick levels of scale bar in
the dust temperature and H2 column density maps. Red cross markers indicate a peak position of 250 µm image.
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Table 7. Fitting results of radial intensity profiles for all Herschel images
I0 [MJy sr−1] IB [MJy sr−1]
Band [µm] 160 250 350 500 160 250 350 500
L1544 89.6 190.9 193.1 116.6 2.7 40.3 23.7 10.0
L1552 59.3 153.8 164.8 96.9 −10.9 42.4 25.2 11.0
L1689B 310.6 484.5 358.2 165.2 118.2 103.0 55.3 21.9
L694-2 − 171.6 178.7 100.9 − 32.3 15.3 5.8
L1197 83.5 124.1 91.4 40.1 −5.6 79.8 50.5 22.8
NOTE—I0 is the central peak intensity without background and IB is the background intensity
caused by surrounding envelope and large-scale cloud emission in function as I(R) = I0/[1+
(R/Rflat)α]+ IB.
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Table 8. Parameters for molecular column
density calculation
Parameters C34S N2H+
(J = 2−1) (J = 1−0)
λ [mm] 3.109563 3.217477
Aul 1.600×10−5 3.628×10−5
gl/gu 3/5 1/3
Tex [K] Tda
Tbg [K] 2.73
B [MHz] 24103.541 46586.867
Qrot(10 K)b 9.0 4.8
El [K] 2.31 0
aFrom the results of the SED fit for Herschel
dust continuum data
bThese values are examples at 10 K. We use
the value obtained from Td for each pixel.
a simple function of the form,
I(R) =
I0
1+ (R/Rflat)α
+ IB , (A1)
where I0 is the central peak intensity, Rflat is the radius of
the flat region, α is the asymptotic power index, and IB is
the background level, which is a simple modification of the
relation between n(r) and n0 to I(R) and I0 in the density pro-
file of a starless core, n(r) = n0/[1+ (r/rflat)α] (Tafalla et al.
2002). The original form of this function is meant to im-
ply that the continuum emission asymptotically approaches
to zero at a large radius. But in reality, the Herschel images
still have a considerable intensity at radii larger than the core
radius, which corresponds to the background brightness. We
accounted this background emission in our fitting procedure
by including an additional term, IB, in Equ. A1. Using this
function, we fitted a radial profile to the dust emission from
each of the cores and determined the level of background
emission that needs to be subtracted (Table 7) from each of
the images.
The observed dust intensity (Iν) can be simplified under
the optically thin condition as
Iν = µH2 mHκνNH2 Bν(Td) , (A2)
where Iν is the intensity of dust emission for each pixel, µH2
is the mean molecular weight per hydrogen molecule, mH is
the H-atom mass, κν is the opacity,
κν = 0.1
( ν
1000 GHz
)β
[cm2 g−1] (A3)
(β is assumed to be 2), and Bν(T ) is the Planck function,
Bν(Td) =
2hν3
c2
1
exp(hν/kTd)−1
(A4)
(Kauffmann et al. 2008). The function was used to make
the SED fit for dust emission from 160 to 500 µm. The
curve_fit used in the iteration was found to be extremely
useful in extracting the best results on Td and NH2 which give
the lowest χ2 fit value. The parameter space for Td and NH2
were searched for in the range of 5 − 20 K and 1020 − 1024
cm−2, respectively. The location of χ2 minimum which gives
the best-fit parameters was always well defined as a single
localized position in χ2 distribution.
Figure 9 shows the full data set and the results from the
SED fit. We note that the dust temperature clearly shows a
tendency to decrease toward the center of the core. The col-
umn density distribution of the H2 gas is similar to the distri-
bution of the dust continuum as a whole, but the position of
the maximum point is slightly off because the position of the
lowest temperature does not exactly coincide with the peak
position of the dust continuum emission.
A.2. CS and N2H+
The N(N2H+), N2H+ column density is calculated from our
NRO observations by following the procedure described in
the Appendix A of Caselli et al. (2002b). Since N2H+ (1−0)
line is optically thin, we use equation of total column density
as
N =
8piW
A
ν3
c3
gl
gu
1
Jν(Tex)− Jν(Tbg)
1
1− exp(−hν/kTex)
Q
gl exp(−El/kTex)
, (A5)
where W is an integrated intensity of the observing line, ν
is the rest frequency of the line, respectively. gl and gu
are the statistical weight of lower and upper levels, Jν(Tex)
and Jν(Tbg) are the equivalent Rayleigh-Jeans excitation and
background temperatures, respectively. Tex is the excitation
temperature which is assumed to be the same for all rota-
tional levels and was given as Td. Q is the partition function
and El is the energy level at the lower transition, given for
N2H+ and CS as linear molecules by,
Q =
∞∑
J=0
(2J +1) exp(−EJ/kT ) , (A6)
and
EJ = J(J +1)hB , (A7)
where J is the rotational quantum number and B is the rota-
tional constant.
The N(CS), CS column density, is determined by multi-
plying the C34S column density and the isotopic ratio of 22.7
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(Lucas & Liszt 1998). As C34S (2− 1) line is optically thin
like N2H+, we therefore used the same equations mentioned
above but with its corresponding parameters. The parameters
used to calculate the molecular column densities are summa-
rized in Table 8.
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